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Structures in ﬁreCurrent design codes and consequentlymost of the understanding of behaviour of structures in ﬁre are based on
the often unrealistic assumption of uniform ﬁre within the enclosure. This assumption is especially wrong in the
case of large open-plan compartments, where non-uniform travelling ﬁres have been observed instead. An inno-
vative concept called the Travelling Fires Methodology (TFM) has been developed to take into account this non-
uniform ﬁre behaviour. In this study, TFM has been improved to account for better ﬁre dynamics. Equations are
introduced to reduce the range of possible ﬁre sizes taking into account ﬁre spread rates from real ﬁres. The an-
alytical equations used to represent the far-ﬁeld temperatures are presented in continuous form. The concept of
ﬂame ﬂapping is introduced to account for variation of temperatures in the near-ﬁeld region due to natural ﬁre
oscillations. These updated near-ﬁeld temperatures cover a range of temperatures between 800 and 1200 °C, de-
pending on ﬁre size and compartment characteristics. These incorporated changes are based on a ﬁre model
which can be used ﬂexibly and adjusted to ﬁt experimental data when it becomes available in the near future.
Improved TFM (iTFM) is applied to generic concrete and steel compartments to study the effect of non-
uniform heating associated with the travelling ﬁres by investigating the location of the peak temperature
along the ﬁre path. It is found to be mainly dependent on the ﬁre spread rate and the heat release rate. Location
of the peak temperature in the compartment mostly occurs towards the end of the ﬁre path.
© 2015 The Authors. The Institution of Structural Engineers. Published by Elsevier Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Accidental ﬁre can be disastrous, especially in buildings. Most ﬁre
deaths occur due to the toxic effects of smoke before any structural col-
lapse [1]. However, the effect of ﬁre on structural stability is critical in
regard to safe evacuation and safe access for ﬁre ﬁghters, ﬁnancial
losses, and lost business. This is particularly the case in tall buildings
where extended evacuation times are required due to phased evacua-
tion practices [2].
Innovative architectural designs of modern buildings already pro-
vide a challenge to structural engineers. This is above all the case in
structural ﬁre engineering [3,4]. Understanding of fundamental mecha-
nisms of whole building behaviour in ﬁre has signiﬁcantly increased in
the last decades, especially after full-scale tests of various multi-storey
buildings were carried out in Cardington between 1994 and 1999 [5,
6]. However, most of this understanding and current design codes are
based on the assumption of uniform ﬁres in a compartment. An exten-
sive recentwork [7,8] has shown thatwhile theuniformﬁre assumptionof Structural Engineers. Publishemay be suitable for small enclosures, ﬁres in large, open-plan compart-
ments, typical of modern architecture, do not cover the full area of com-
partment but rather travel from one part of it to another with non-
uniform temperature distribution. These ﬁres are referred to as travel-
ling ﬁres.
Current design standards (e.g. Eurocodes) do not account for such
ﬁres. The standard ﬁre and parametric time–temperature curves are
based on small scale tests (b100 m2 [9]), and assume uniform burning
of ﬁre and homogeneous temperature distributions in the compart-
ment. In large accidental events, ﬁres have been observed to travel
across ﬂoor plates and between storeys. Accidental events where ﬁres
were observed to travel include World Trade Centre Towers 1, 2 & 7
(2001); Windsor Tower ﬁre in Madrid (2006); Faculty of Architecture
building ﬁre at TU Delft (2008); Interstate Bank ﬁre in Los Angeles
(1988); and One Meridian Plaza ﬁre in Philadelphia (1991). In all of
these accidents, theﬁres lasted for up to 7 or even 20 hours (i.e.Windsor
Tower andMeridian Plazaﬁres). Such longﬁre durations are not consid-
ered nor can be understood by current design codes. It has been shown
in theWTC Towers study by NIST [10,11] that such prolonged periods of
heatingmay result in even protected structural elements reaching tem-
peratures in excess of 600 °C. They also concluded that using average
uniform gas temperatures rather than travelling ﬁres would have ledd by Elsevier Ltd. This is an open access article under the CC BY license
Nomenclature
Af surface area of burning fuel [m
2]
H height of the compartment [m]
L length of the compartment [m]
L f length of the design area involved in ﬁre [m]
Lf ;max maximum possible ﬁre size in terms of length along the
ﬁre path [m]
L f ;min minimum ﬁre size in terms of length along the ﬁre
path [m]
L dimensionless design ﬁre size
Lt varying dimensionless ﬁre size which depends on the
location of the leading edge
Q • total heat release rate [kW]
Q •″ heat release rate per unit area [kW/m2]
T f reduced near-ﬁeld temperature due to ﬂapping [°C]
Tff far-ﬁeld temperature [°C]
T max gas temperature [°C]
Tnf near-ﬁeld temperature [°C]
T∞ room temperature [°C]
W width of the compartment [m]
θ ﬂapping angle [°]
f ﬂapping length [m]
qf fuel load density [kJ/m
2]
r radial distance away from the ﬁre [m]
s ﬁre spread rate [m/s]
smax maximum realistic ﬁre spread rates in building ﬁres [m/s]
smin minimum realistic ﬁre spread rates in building ﬁres [m/s]
t time [s]
tb local burning time [s]
ttotal total ﬁre duration [s]
x location of interest in the compartment [m]
x• location of the leading edge of the ﬁre relative to the end
of compartment where ﬁre started [m]
x dimensionless location in the compartment along the ﬁre
path
251E. Rackauskaite et al. / Structures 3 (2015) 250–260to signiﬁcant errors in subsequent thermal and structural analysis of
collapse of WTC Towers.
The need and urge of new design methods to incorporate realistic
behaviour of ﬁres in large open-plan ofﬁces have been highlighted re-
cently [12]. Clifton [13] was the ﬁrst person to introduce the approach
for the development of temperature–time relationships which would
consider travelling ﬁres. It was published as a part of HERA programme
reports in New Zealand. Clifton's approach splits the compartment
(ﬁrecell) into four distinct regions at any one time: preheat, ﬁre, burned
out and smoke logged. However, the model has not been developed or
used further.
Recently, an extensive work has been done by Stern-Gottfried, Law
and Rein [7,8,14,15] who have developed a new design concept of Trav-
elling Fires Methodology (TFM). It considers non-uniform temperature
distributions along the compartment and a wide range of ﬁre sizes
(burning ﬂoor area). The concept has already been applied by Engineer-
ing Consultant, Arup. In the publishedwork [16,17] on Arup's approach,
the limitations of only using prescriptive codes for the design have been
identiﬁed. Travelling ﬁres were accounted in probabilistic analysis to
identify themost severe ﬁre scenario in regard toﬁre resistance periods.
New Ludgate, a 10 storey ofﬁce development in the City of London, was
described as a case study in [16]. In order to determine the optimum
structural ﬁre protection speciﬁcation in accordance with Part B of the
UK Building Regulations, the structural ﬁre performance was expressed
in terms of reliability according to Kirby et al. [18]. Thus, a probabilistic
Monte Carlo analysis was carried out by varying the types of ﬁres that
are likely to occur (i.e. uniform and travelling ﬁres) and the correspond-
ing key parameters. These parameters include fuel load, heat releaserate and ﬁre size. The resultant structural reliability was combined
with sprinkler reliability to ﬁnd the corresponding required ﬁre resis-
tance period based on steel temperature. The use of travelling ﬁres in
addition to uniform ﬁres in a building design as in the above approach
allows a better understanding of the overall building performance sub-
ject to a range of conditions.
The focus of this paper is the improvement of the TFM to account for
better ﬁre dynamics, smaller range of ﬁre sizes and the analysis of the
effect of non-uniform heating associated with travelling ﬁres on the
temperatures of structural members. The proposed changes represent
a simple yet powerful ﬁre model which can be used ﬂexibly and adjust-
ed to ﬁt experimental datawhen it becomes available in the near future.
2. Travelling Fires Methodology
The Travelling Fires Methodology (TFM) was developed by Stern-
Gottfried, Law and Rein [7,8,14]. This framework incorporates the effect
of non-uniform ﬁres in large open-plan spaces. It does not supersede
traditional designmethods, but can be used in addition to them, and in-
vestigates a range of possible ﬁre dynamics instead of just one or two
design ﬁres.
TFM provides an approach for generation of gas temperature–time
curves at the ceiling of a medium height compartment at any location
in the compartment. The ceiling is the target because this is wheremax-
imum temperatures are expected. TFM considers designﬁres to be com-
posed of two moving regions: the near-ﬁeld (ﬂames) and the far-ﬁeld
(smoke). An illustration of the two ﬁelds is shown in Fig. 1. The near-
ﬁeld represents the ﬂames directly impinging on the ceiling and as-
sumes the peak ﬂame temperatures. The far-ﬁeld model represents
smoke temperatures which decrease with distance away from the ﬁre
due to mixing with air. Any structural element will experience cooler
far-ﬁeld temperatures which correspond to pre-heating and/or cooling
for much longer duration than the short hotter near-ﬁeld. Test data
from the St. Lawrence Burns large compartment tests conducted in
1958 support travelling ﬁre behaviour as in TFM framework [19,20].
Early work by Rein et al. [15] employed computational ﬂuid dynam-
ics to generate temperature ﬁelds. Later it was simpliﬁed for a single
ﬂoor in order to pass less information to consequent structural analysis
but still provide realistic results. It used a ceiling jet correlation to de-
scribe the temperature ﬁeld. The methodology was then extended and
various parameter sensitivity analyses were carried out by investigating
the structural behaviour of a general concrete frame [8]. In the present
study the thermal descriptions of near-ﬁeld and far-ﬁeld temperatures
used in TFM and the possible range of valid ﬁre sizes are reduced.
Also, the thermal response to travelling ﬁres of two structurally equiva-
lent steel and concrete beams is studied. For clarity, the previous version
[8] of Travelling Fires Methodology is referred to as TFM and the Travel-
ling Fires Methodology with improved formulations presented in this
paper is referred to as iTFM.
3. Improved Travelling Fires Methodology — iTFM
3.1. Valid range of ﬁre sizes
TFM is ﬂexible in away that it is not limited to oneﬁre type. It covers
a wide range of ﬁre sizes — a family of possible ﬁres depending on the
ﬁre coverage of the total ﬂoor area from 1% to 100%. The latter repre-
sents the whole compartment under uniform ﬁre. In Eurocode 1 Part
1-2 consideration is given to only two different ﬁre sizes: a whole com-
partment ﬁre (100%), and a static localised ﬁre up to 10 m in diameter.
TFM assumes uniform fuel load distribution along the ﬁre path and con-
stant ﬁre spread rate. Therefore, the total ﬁre duration depends on the
ﬁre size. For example, for a ﬂoor area of 960 m2, the ﬁre size can range
from 38 min for 100% ﬁre size, to 1919 min for 1% (or even longer de-
pending on compartment and fuel load characteristics). Thus, unlike
Fig. 1. Illustration of a travelling ﬁre and distribution of gas temperatures.
Table 1
Realistic ﬁre spread rates, s, based on data from experiments and real ﬁres.
Reference Details Spread rates
(mm/s)
[23] Wood cribs in the open 0.1–2
[24] Lateral or downward spread on thick solids 1
[25] Tests on natural ﬁres in large scale compartments 1.5–19.3
[11] Reconstruction of WTC ﬁres (2001) 2.5–16.7
[19,20] St. Lawrence Burns tests (1958) 7.5–13
[22,26] First Interstate Bank ﬁre (1988) 14.5
252 E. Rackauskaite et al. / Structures 3 (2015) 250–260traditional design methods, TFM can explain and takes into account the
long ﬁre durations observed in accidental ﬁres.
However, it is unlikely that a very thin line ﬁre (e.g. 1%) across the
whole width of the compartment would spread, or that a whole ﬂoor
(e.g. 2500 m2) would be involved at once in ﬁre in large compartments.
This is due to limitations such as available fuel load, ﬁre spread rate and
burning rate. The aim in the present study is to provide a better repre-
sentation of physically possible ﬁre sizes which were not limited in
the previous versions of TFM.
In TFM a ﬁre is assumed to be fuel controlled. It was identiﬁed in the
previous work [5–6] that ventilation controlled ﬁres are unlikely in
large enclosures. Therefore, fuel load density, qf, and heat release rate
per unit area,Q •″, are used as main design variables. A range of possible
values for these parameters for different building occupancies can be
found in the Eurocode [21]. Based on these values a local burning
time, tb, is calculated (e.g. 19 min) using Eq. (1). This variable quantiﬁes
the time needed for an area involved in ﬁre to burn out completely.
tb ¼ qf =Q •″ ð1Þ
The front of a travelling ﬁre is referred to as the leading edge (see
Fig. 1). The leading edge location is determined using the ﬁre spread
rate. If the range of the realistic ﬁre spread rates is known it can be
used to compute the limiting sizes of possible ﬁres. This can be done
by ﬁnding the distance that the leading edge of the ﬁre would travel be-
fore burning out at the ignition point as in Eq. (2):
Lf ;min=max ¼ smin=max  tb ð2Þ
whereLf ;min=max is theminimumormaximumpossible ﬁre size in terms
of length along the ﬁre path (m); and smin=max is the minimum or max-
imum realistic ﬁre spread rate in building ﬁres (m/s). Available data on
typical compartment ﬁre spread rates is very limited. Thus, estimates
were made based on the details provided in a number of ﬁre tests and
real building ﬁre investigation reports where the ﬁres have been ob-
served to travel [11,19,20,22–26]. A summary of the reportedﬁre spread
rates and estimated values is shown in Table 1.
From the limited data it can be seen that ﬁre spread rates in the open
for wood cribs (a typical fuel source used for ﬁre tests) and incompartments typically vary between 0.1 and 19.3 mm/s. These values
are suggested as minimum and maximum ﬁre spread rates for the de-
termination of a valid range of ﬁre sizes. Clifton [13] assumed the values
of 8.3 and 16.6mm/s for slow and fast ﬁre spread respectively based on
the results from the tests on natural ﬁres in large scale compartments
[25] and a rate of ﬁre spread between different workstations of 200 s
given by [27]. These values agree well with the suggested range for
the iTFM. Based on the limitations from realistic ﬁre spread rates, valid
range of ﬁre sizes can be described as below:
from
L f ;min
L
to
L f ;max
L
:
As experimental evidence becomes available (presently not avail-
able), the range of possible ﬁre spread rates in compartments can be up-
dated as appropriate. The valid range of ﬁre sizes is necessary to reduce
the family of ﬁres passed to structural analysis, reduce computational
time and neglect unrealistic results.
3.2. Far-ﬁeld — the analytical solution
In TFM the far-ﬁeld model represents cooler smoke temperatures
which decrease with distance away from the ﬁre. TFM is ﬂexible in stat-
ing that any available temperature–distance correlation could be used
to describe the far-ﬁeld temperature depending on the accuracy re-
quired. Alpert's ceiling jet correlation [28], which is based on a set of
Fig. 2. Near-ﬁeld and far-ﬁeld exposure duration at an arbitrary location [8] and at the far
end of the compartment.
253E. Rackauskaite et al. / Structures 3 (2015) 250–260experiments created for sprinkler design, is used in TFM to represent
the far-ﬁeld temperatures. It is shown in Eq. (3).
T max−T∞ ¼ 5:38 Q
•=rÞ2=3
H
 
ð3Þ
The ﬁrst version of TFM used a single far-ﬁeld temperature [15] and
then to incorporate radiative heat transfer the 4th power average was
used [14]. In the last version [8], TFM assumes the compartment to be
divided into discrete nodes and uses gas temperatures that vary with
distance from ﬁre. The use of compartment ﬂoor discretization adds un-
necessary complexity to the problem. Moreover, in a parameter sensi-
tivity study [8], errors of up to 12.7% and 20% were found for peak
rebar bay temperatures and total burning durations respectively, de-
pending on the grid size chosen.
Recently, a few new methods for the calculation of ceiling-jet tem-
peratures have been proposed based on computational simulations
[29,30]. Suzuki [29] created a new model by expanding Alpert's theory
[31] to include terms that account for time considerations and the
heat transfer to the ceiling. The resultant temperatures showed no sig-
niﬁcant differences from Alpert's correlation [28] and were slightly
lower than the values predicted by Heskestad [32]. In [29] comparisons
were also made to a full-scale experiment in an ofﬁce building and cal-
culated values were found to be lower by 10–25% in some cases. Suzuki
[29] concluded that thismay be due to the presence of a sidewall which
was not included in the model. In the recent work by Johansson et al.
[30], 90 computational simulations were performed to study ceiling-
jet temperatures. The resultant average ceiling jet temperatures com-
pared well with Alpert's ceiling jet correlation [28]. However, this was
not the case for recordedmaximum temperatures and a new correlation
was developed.
Both of themodels identiﬁed previously require additional variables
in comparison to the simpler Alpert's correlation for the calculation of
ceiling jet temperatures. However, taking into account the additional
complexity, computational time required and uncertainty in the param-
eters associated with these two methods, the differences in resultant
temperatures are negligible. Thus, for reasons of simplicity, the far-
ﬁeld model in iTFM continues to be based on Alpert's correlation [28].
iTFM has been improved by developing the analytical expression for
the far-ﬁeld temperatures, thus removing the errors that were imposed
using the discrete method. The proposed equations can be used to rap-
idly calculate temperature variations at any time and location along the
structural member in the compartment.
TFM assumes a uniform fuel load across the ﬁre path (qf ) and con-
stant heat release rate (Q •″). Also, the ﬁre is deﬁned by a speciﬁed sur-
face area of burning fuel, Af , at any ﬁxed time. Considering this, the
total heat release rate can be calculated by the following equation:
Q • ¼ Af  Q •″: ð4Þ
To consider ﬁre growth and decay and to represent varying ﬁre size
at the beginning and end of theﬁre, respectively, the following equation
can be used:
Af ¼ L  Lt W  Q •″: ð5Þ
where Lt is the varying dimensionless ﬁre sizewhich depends on the lo-
cation of the leading edge of the ﬁre x•; L (m) is the length of the com-
partment; andW (m) is the width of the compartment. Dimensionless
design ﬁre size L , ﬁre spread rate s (m/s), total ﬁre duration ttotal (s),
and location of the leading edge of the ﬁre relative to the end of the
compartment where the ﬁre started x• (m) can be calculated as follows:
L ¼ Lf =L ð6Þs ¼ Lf =tb ð7Þ
ttotal ¼ tb 1=L þ 1ð Þ ð8Þ
x• ¼ s  t ð9Þ
where L f (m) is the design length of the area involved in ﬁre and t (s) is
time.
Combining Eqs. (3)–(9) results in a correlation for gas temperatures
T max at a location x and time t of interest:
T max x; tð Þ ¼ T∞ þ 5:38H
L Lt W Q
•″
xþ 0:5 L Lt−x•tÞ
2=3
0
@ ð10Þ
T max x; tð Þ ¼ Tnf ; if Tff NTnf ;xþ 0:5 L Lt−x•t ≤0:5L f

ð11Þ
for x• ≤L→x•t ¼ s  t; Lt ¼ min L; s  tð Þ=L½  ð12Þ
x•NL→x•t ¼ L; Lt ¼ 1þ Lf−s  t
 
=L: ð13Þ
Conditions described by Eq. (11) represent the near-ﬁeld tempera-
ture. It implies that far-ﬁeld temperatures cannot exceed the near-
ﬁeld ﬂame temperature. It also sets the near-ﬁeld temperature value
for the whole length of the area involved in ﬁre (Lf). Eqs. (12) and
(13) are used to deﬁne varying ﬁre size and location of the leading
edge based onwhether ﬁre is still increasing in size or is at itsmaximum
size (Eq. (12)) or has reached the far end of the compartment and is
decaying (Eq. (13)). Illustrative examples of resulting gas temperature
surroundings experienced by structural members at two different loca-
tions within a typical compartment are shown in Fig. 2.
3.3. Near-ﬁeld — ﬂame ﬂapping
In TFM the near-ﬁeld represents the ﬂames directly impinging on the
ceiling and assumes the peak ﬂame temperatures. Such temperatures in
various building ﬁres and experiments have been measured in the
range of 800–1200 °C [33–36]. To stay on the conservative side TFM de-
scribed in [8,14,15] assumed the near-ﬁeld temperature to be 1200 °C.
In reality, due to natural lateral ﬂuctuations of the ﬂames on the ceil-
ing, gas temperatures are typically continuously varying between the ob-
served temperatures of 800 and 1200 °C [24,37,38]. In iTFM this is
included and referred to as ﬂame ﬂapping. For this reason, structural
memberswill actually experience lower average gas temperatures rather
than the peak ﬂame temperatures observed in ﬁres. There is no experi-
mental evidence from large compartment ﬁres or correlations based on
which this reduced near-ﬁeld temperature could be related to either
ﬁre size or oscillations. In previous work of TFM [8,14] this was indirectly
Fig. 3. Representation of the ﬂapping length (f) on the ceiling and angle (θ).
Table 2
Details of the steel and concrete sections used for the case study.
Fire resistance 457 × 191 UB133
Steel protection thickness (m)
500 × 300
Rebar cover (m)
60 min 0.007 0.038
120 min 0.018 0.042
254 E. Rackauskaite et al. / Structures 3 (2015) 250–260taken into account by calculating the average bay temperatures for struc-
tural members. However, this assumption and its implications were not
studied. In order to apply reduced near-ﬁeld temperatures due to ﬂap-
ping for iTFM, the concept of the ﬂapping angle is introduced. The angle
from themain axis of the ﬂame (θ), as shown in Fig. 3, is chosen to repre-
sent the length on the ceiling over which ﬂuctuations of the impinging
ﬂame occur.
The review of available data on ﬂapping angles is discussed in Appen-
dix A. For iTFM the ﬂapping angle of ±6.5° was chosen based on results
from Quintiere et al. [39] experiments (see Appendix A). The ﬂapping
angle is used to calculate the ceiling length over which the impinging
ﬁreﬂuctuations occur. The average temperature over this length (f) is cal-
culated accounting for both far-ﬁeld and peak near-ﬁeld temperatures
(set at 1200 °C). This represents themixing of cooler smokewith theﬂuc-
tuating ﬂame, resulting in a lower near-ﬁeld temperature. This reduced
near-ﬁeld temperature is used to generate travelling ﬁre time–tempera-
ture curves instead of a ﬁxed peak value of 1200 °C. The equation used
to calculate the reduced near-ﬁeld temperature due to ﬂapping is0 5 10 15
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T f ¼ T∞ þ
Tnf 2rx1 þ Lf
 
−2T∞  rx2
f
þ 32:28Q
•2=3
H  f r2
1=3−rx21=3
 
ð14Þ
where
r2 ¼ f =2 ð15Þ
rx1 ¼ max 0; r0−L f =2
  ð16Þ
rx2 ¼ max L f =2; r0
  ð17Þ
Tnf ¼ 1200C ð18Þ
r0 ¼ 5:38H Tnf−T∞
 
 !3=2
: ð19Þ
Variation of reduced near-ﬁeld temperatures with ﬂapping angle for
different ﬁre sizes is shown in Fig. 4. It can be seen that with increasing
ﬂapping angle the resulting temperature for each ﬁre size decreases.
This could be expected as a larger ﬂapping length incorporates a greater
amount of smoke in comparison to directﬂame impingement. Thus, due
to the mixing of these two ﬁelds, the resulting gas temperatures are
lower. Fig. 4 also shows that the effect of ﬂapping angle is only impor-
tant for smaller ﬁre sizes (b12%) as these are more susceptible to the
ﬂapping disturbances. Also, ﬂapping leads to reduced near-ﬁeld tem-
peratures in the range of 800–1200 °C, in agreement with observed
temperatures in real ﬁres. All of this considered, this is still a crude ap-
proximation and more research on peak ﬂame temperatures in relation
to ﬁre size in large enclosures is necessary.20 25 30
ngle, θ (°)
ear−field temperature
ratures
5%
10%
12.5%
25%
2.5%
Peak flame temperature
L* = 50%
rature with ﬂapping angle and ﬁre size.
Fig. 5. Elevation and ﬂoor plan building use for the case study.
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To investigate the impact of iTFM on resulting temperatures within
structural members, it was applied to the steel and concrete frames. A
given ﬂoor was assumed to be 24 m wide, 40 m long and 3.6 m high as
for a typical ofﬁce building. It was divided into 5 spans along the compart-
ment length, each 8 m long. Simply supported steel and concrete beams
weredesigned in accordancewithEurocode3 [40] andEurocode2 [41], re-
spectively, for the same factored uniformly distributed load of 56.4 kN/m.
Thus, the two sections can be considered as structurally equivalent. Eachof
the sectionswas also designed for 60min and120minﬁre resistance (typ-
ical resistance requirements for ofﬁce buildings). Steel insulation proper-
ties were taken as for high density perlite (thermal conductivity ki =
0.12 W/m K, density ρi = 550 kg/m
3 and speciﬁc heat ci = 1200 J/kg K)
[3]. The details of the designed sections are shown in Table 2 and Fig. 5.
Heat release rate per unit area and fuel load density were assumed to
be 500 kW/m2 and 570 MJ/m2 respectively [8]. A base case ﬂapping
angle of 6.5° was chosen. Time–temperature gas curves obtained from
iTFM were used as an input for a heat transfer analysis to heated
beams. All heat transfer calculations were carried out as in [8]. Lumped
mass heat transfer method [3] was used to calculate resulting steel
beam temperatures. The convective heat transfer coefﬁcient, density of
steel and radiative emissivity were assumed to be 35 W/m2 K,
7850 kg/m3 and 0.7, respectively [3,8,21]. In-depth concrete tempera-
tures were calculated using explicit one-dimensional ﬁnite difference
model for heat conduction. Radiation and convectionwere taken into ac-
count for the boundary conditions. The density of concrete of 2300 kg/
m3, the speciﬁc heat of concrete of 1000 J/kg K, convective heat transfer
coefﬁcient for the exposed surface of 35W/m2 K, convective heat trans-
fer coefﬁcient for the backside surface of 4W/m K, thermal conductivity
of concrete of 1.3W/m K and a radiative emissivity of 0.7 were assumed
[3,8,21]. Steel has a much higher thermal conductivity coefﬁcient than
concrete. Thus, steel rebar was assumed to have the same temperature
as adjacent concrete. Time steps used for heat transfer calculations satis-
fying the stability criteria were 10 s [3,8] and 1.9 s [8,42] for steel and
concrete respectively. An in-depth concrete grid size of 0.002 m, which
meets stability criteria [8,42], was chosen.20
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)4.1. Valid range of ﬁre sizes
As identiﬁed in Section 3.1 limiting ﬁre sizes for the case study have
been calculated based on the ﬁre spread rates. The resultant values are
shown in Table 3.
Valid ﬁre sizes are in the range between 0.3% and 55%. This leads to the
elimination of half of the ﬁre sizes range used in previous TFM, thusTable 3
Valid range of ﬁre sizes for the case study.
Limitation Minimum ﬁre length
L f ; ;min (m)
Maximum ﬁre length
L f ; ;max (m)
Spread rates (0.1–19.3 mm/s) 0.11 (0.3%) 22.00 (55%)reducing required analysis times. This also indicates, as mentioned previ-
ously, that very smallﬁre sizes (i.e. thinﬁres) andwell-ventilatedﬁres cov-
ering awholeﬂoor area are unlikely to occur in large compartments unless
a lower heat release rate is assumed. From Fig. 6, it can be clearly seen that
lower heat release rates result in larger ﬁre sizes as a result of longer local
burning durations. Minimum ﬁre sizes are unrealistically low and
almost constant for all fuel loaddensities as it is basedonvery small spread
rates fromwood crib ﬁres. This also indicates thatmuch research on ﬂame
spread rates is still needed in order to gain a better understanding of
ﬁre dynamics and optimise ﬁre curves for structural design further.
4.2. Flapping angle
In previous TFM studies [8,14] it was identiﬁed that the ﬁre sizes be-
tween 5 and 20% result in highest peak member temperatures. The in-
ﬂuence of the varying ﬂapping angles deﬁned in Section 3.3 on the
peak steel and concrete temperatures with increasing ﬁre size can be
seen in Fig. 7. Clearly, the highest peak temperatures at the smallest
ﬁre sizes dissipate with increasing ﬂapping angle (i.e. decreasing near-
ﬁeld temperature). It indicates that the effect of ﬁre spread rate is less
dominant at lower near-ﬁeld temperatures due to a smaller heat ﬂux.
Also, ﬂapping inﬂuence diminishes with ﬁre sizes larger than 20%, 25%
and 30% for 120 min protected steel beam, 60 min protected steel
beam, and concrete and unprotected steel beams respectively. The ther-
mal protection of structural members results in the delayed heating.
Thus, the thicker the protection, the narrower the range of ﬁre sizes
which result in highest peak member temperatures.
Due to lower thermal conductivity, the resultant peak temperatures
in concrete rebar are approximately 600 °C lower than in unprotected
steel beam. In this case concrete rebar peak temperatures are between
the limits of peak temperatures in 60 min protected and 120 min
protected steel beam. For the same reason the thickness of concrete
cover has little inﬂuence. For 60 min and 120 min ﬁre protection the0
10
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Heat release rate - Q" (kW/m2)
Fig. 6. Valid range of ﬁre sizes for varying heat release rates and fuel load densities.
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Fig. 7. Inﬂuence of ﬂapping angle on variation of peak steel and concrete temperatures
with ﬁre size.
256 E. Rackauskaite et al. / Structures 3 (2015) 250–260difference in concrete rebar temperatures is approximately 40 °C while
for steel beams it is up to 250 °C. On the other hand, variations in ﬂap-
ping angle have a similar inﬂuence on both steel and concrete temper-
atures, which can cause variations up to 200 °C. However, structural
analysis has to be carried out in order to make a valid comparison of
steel and concrete beam structural resistance in ﬁre.
4.3. Location of peak temperature in the compartment
Overall structure performance in a real ﬁre depends on a number of
factors. They include temperature rise, loading, restraint, composite ac-
tion effects and continuitywithin the structure [43]. In this study the lo-
cation of the peak temperature in the compartment as a result of iTFM is
studied. This is to give an insight of hownon-uniformheating associated
with a spreading ﬁre would affect the resultant structuralmember tem-
peratures. The general conclusions drawn herein may be important for
the identiﬁcation of critical structural members within the structure.
Location of the peak temperature within steel beam in the compart-
ment was investigated by varying various iTFM parameters. They in-
clude the length of the compartment L, thickness of ﬁre protection,0 5 10 15
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Fig. 8. Peak 60 min protected steel beam temperatures along the ﬁre path for differentheat release rate per unit area Q •″ , fuel load density qf , and ﬂapping
angle θ. Variation of peak temperatures along the ﬁre path in the com-
partment is shown in Fig. 8. These temperatures represent the highest
temperatures reached in different locations during the ﬁre. They do
not represent temperature distribution occurring at the same time dur-
ing the ﬁre in the compartment. Variation of peak temperature in the
compartment and its location with ﬁre size for steel and concrete
beams is shown in Fig. 9. The location of peak temperature x is repre-
sented as the ratio of the distance along the ﬁre path from the origin
of the ﬁre to the total length of the ﬁre path as in Eq. (20).
x ¼ x=L ð20Þ
The highest peak temperature differences along the ﬁre path are
found for ﬁre sizes larger than 10%. Fig. 8 shows that for smaller ﬁre
sizes, temperature variations across the length are minimal, except for
the compartment ends where ﬁre growth and extinction are assumed
to occur. The reasons for low variability in peak temperatures along
the compartment for small ﬁres are slow ﬁre spread rate and resultant
long pre-heating periods. The exposure to high gas temperatures for
small ﬁres is long enough for steel to reach similar high peak tempera-
tures everywhere. On the other hand, in the case of larger ﬁres (N10%)
ﬁre spread rate is much faster. Therefore, structural elements close to
ﬁre origin experience pre-heating only for a very short duration. This
duration is not long enough for structural elements to heat up to peak
temperatures as at the far end. Thus, variation of peak steel tempera-
tures along the compartment is in the range of 60–170 °C.
It can be seen from both Figs. 8 and 9 that for all ﬁre sizes the peak
steel and concrete temperatures occur at the locations further than x
= 0.6 L from the ﬁre origin. For very small ﬁre sizes (b2%) a sudden in-
crease of distance from ﬁre origin with ﬁre size can be seen. As identiﬁed
previously, for such small ﬁres the peak temperatures vary little. This can
be seen from the 5 °C variation from thepeak temperature shaded region.
Thus, high variation in location of peak temperatures can be neglected.
For larger ﬁres with increasing ﬁre sizes the distance of location of
peak temperatures from the ﬁre origin in both steel and concrete mem-
bers is decreasing up to ﬁre sizes of 25–33%. It represents the location
slightly further than where the ﬁre size starts to decrease. The reason
for that is that members up to that location are exposed to the same
far-ﬁeld temperatures for increasing durations. However, as the ﬁre20 25 30 35 40
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75%
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257E. Rackauskaite et al. / Structures 3 (2015) 250–260starts to decay the members at the far end of the compartment are ex-
posed to peak near-ﬁeld temperatures for shorter durations as well as
lower far-ﬁeld temperatures during cooling. Thus, the resulting temper-
atures are lower at the end and peak temperature occurs at the location
close to where ﬁre decay begins.
On the other hand, ﬁres larger than approximately 25% are large
enough to produce high smoke temperatures above the temperatures
of the beams. Thus, the temperatures at the far end of the compartment
keep on signiﬁcantly increasing even during the decay phase. In addition
to that, steel temperatures for larger ﬁres are lower than for smaller ﬁre
sizes due to faster ﬁre spread rates (see Fig. 8) and are exposed to shorter
cooling durations. Therefore, as seen in Figs. 8 and 9, the distance from
the ﬁre origin of the peak temperature starts to increase for large ﬁre
sizes. Though, for concrete rebar the location of the peak temperature
in the compartment for ﬁres larger than 40% of ﬂoor area decreases.
It can be concluded that the location of the peak temperature in the
compartment is a function of both the ﬁre size (i.e. heat release rate
and resulting smoke temperatures) and spread rate (i.e. time, for which
structural members are exposed to pre-heating). For ﬁre sizes smaller
than 25% the effects ofﬁre spread rate aremore dominantwhile for larger
ﬁres the size of the ﬁre becomes more dominant.
Fig. 10 shows variation of the location of the peak temperature in the
compartment for different heat release rates. For both steel and con-
crete rebar the higher the heat release rate or the thickness of ﬁre pro-
tection (see Fig. 9) the closer the location to the ﬁre origin. The thicker
the ﬁre protection, the slower the response to the changes in gas tem-
peratures. Other parameters such as length of the ﬁre compartment,
fuel load density and ﬂapping angle were varied as well. However, no
inﬂuences on the location of peak temperature from the ﬁre origin
have been observed as these parameters varied.5. Conclusions
Current design codes invoke gas time–temperature curveswhich are
based on small enclosureﬁres. Uniform temperature distributions in the
compartments are proposed while in real buildings, ﬁres have been ob-
served to travel. The World Trade Centre Tower ﬁres in 2001 have
highlighted the need of a more realistic design tools to represent ﬁres
in large compartments. Travelling Fires Methodology has been devel-
oped to account for the travelling nature of ﬁres. In this study the TFM
258 E. Rackauskaite et al. / Structures 3 (2015) 250–260has been reﬁned based on better ﬁremodel and used to analyse thermal
gradients in a simple structure.
The introduced limitation on the range of possible ﬁre sizes reduces
the computational time required by eliminating unrealistic ﬁre cover-
age areas based on ﬁre spread rates observed in experiments and real
ﬁres. Analytical correlation presented for generation of gas time–tem-
perature curves is independent of grid size and can be easily calculated
with anymathematical tool. Also, introduction of ﬂapping term leads to
reduced near-ﬁeld temperatures for smaller ﬁre sizes which cover a
range between 800 and 1200 °C observed in real building ﬁres. The oc-
currence of peakmember temperatures for ﬁre sizes in the range of 5 to
20% diminishes with increasing ﬂapping angle.
Finally, the location of the peak temperature in the compartment is
found to occur at the end of the ﬁre path (i.e. N0.6 L).It is dominated
by ﬁre spread rate for small ﬁre sizes up to 30% although it depends
on the thickness of ﬁre protection and heat release rate. Total heat re-
lease rate becomes more dominant for large ﬁres.Table A1
Flapping angles based on data published in literature.
Ref. Year Angle (°) −Δθ;max (°) þΔθ;max (°) Fr
[39] 1981 6.5 2.5 8.5 –
5.6 1.6 4.4 –
[44] 2011 7.6 1.1 2.2 0.69
6.7 1 1.1 0.74
[47] 2012 4.7 3.7 2.3 –
[38] 1984 2.3 0.3 0.7 0.00
5.7 1.7 1.3 8.66
[45] 1979 4.3 3.3 4.7 –
[46] 1993 3.4 2.4 4.6 –
5.8 0.8 1.2 –
Fr — Froude number; D — ﬁre source diameter; Q — dimensionless heat release rate.
Fig. A.1. Relationship of ﬂapping angle measures based on the data pThe proposed changes represent a crude ﬁre model which can be
used ﬂexibly and updated as the new data becomes available. More ex-
perimental evidence in large compartments is necessary for further de-
velopment and improvements.Acknowledgements
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Quintiere et al. [39] carried out experiments to study the effects of openings in the room on ﬁre plume entrainment. One of the measurements
taken was ﬂame angle. It can be seen from their results that the measured angle was not constant but rather was ﬂuctuating with time. For all ex-
periments, variation of ﬂame angle was between ±4° and ±15° with an average value of ±6.5° independent of ﬁre size. For this study an effort
wasmade tomeasure the angles (i.e. the length overwhich theﬂame ﬂuctuates in relation to fuel base) from the published photographs of oscillating
ﬂame plumes in various experiments [38,44–47]. The maximum angle amplitude was in a range of [±3 to ±15]° (see Table A1). In most of these
experiments the maximum effort was taken to avoid any disturbances. The measured average angles were also plotted against the dimensionless
heat release rate, which is shown in Fig. A.1. However, no signiﬁcant dependency between the two was observed. It can be seen that the measured
angle onlyminimally increases with higher heat release rates. Thus, for the updated version of TFM the ﬂapping angle of ±6.5° was chosen based on
results from Quintiere et al. [39] experiments. It also falls within the range of other measured values.Q • (kW) D (m) Q  Fuel
62.9 0.3 ○ 1.16 Methane
158 0.3 ○ 2.91 Methane
5 – 1.32 ○ 162.5 Propane
2 – 1.32 ○ 167.9 Propane
– 0.30 □ – n-Heptane
0117 28 0.25 ○ 0.81 Methane
E−05 54 0.34 □ 0.74 Methane
33 0.34 □ 0.45 Methane
60 0.3 ○ 1.11 Propane
3 0.3 ○ 0.06 Propaneublished in the literature with dimensionless heat release rate.
259E. Rackauskaite et al. / Structures 3 (2015) 250–260Appendix B. Calculation of reduced near-ﬁeld temperature
Reduced near-ﬁeld temperature due to ﬂapping is calculated by taking an average gas temperature over the ﬂapping length as shown in Fig. B.1.
The far-ﬁeld temperature function is integrated from the near-ﬁeld edge to the ﬂapping length edge, near-ﬁeld temperatures over ﬁre length are
added, and an average reduced near-ﬁeld temperature is calculated, see Eq. (21).
T f ¼ Aff þ 1200Lf
 
= f ð21Þ
where T f is the reduced near-ﬁeld temperature (°C) andAff is a sum of far-ﬁeld temperatures in the region of ﬂapping length. The latter is calculated
by integrating Alpert's correlation [28] from the end of the ﬂapping length (r2 ¼ f =2) to the end of the ﬁre length (r1 ¼ Lf =2). The far-ﬁeld limits r1
and r2 are represented in Fig. B.1.Fig. B.1. Region over which gas temperatures are averaged to ﬁnd a reduced near-ﬁeld temperature (left); and limits of integration for calculating the average of far-ﬁeld temperatures
over the ﬂapping length (right).Using Alpert's correlation function [28] the near-ﬁeld temperatures over a certain distance might be higher than a set maximum near-ﬁeld tem-
perature of 1200 °C. These higher temperatures in TFMare reduced tomaximumnear-ﬁeld temperature. This introduces another variable r0, which is
required for integration of far-ﬁeld temperature function and does not allow far-ﬁeld temperatures to be higher than a near-ﬁeld temperature. r0 is
the crossing point between gas temperatures obtained using Alpert's correlation function [28] and near-ﬁeld temperature of 1200 °C.
Tnf ¼ T∞ þ 5:38
ðQ •=r0Þ2=3
H
ð22Þ
r0 ¼ 5:38H Tnf−T∞
 
 !3=2
ð23ÞFig. B.2. The three possible different scenarios for the location of r0 in relation to the location of the near-ﬁeld edge r1, and the location of the ﬂapping length edge r2.There are three possible crossing point r0 locations in relation to near-ﬁeld edge r1 and ﬂapping length edge r2. They are shown in Fig. B.2.
Thus, the sum of far-ﬁeld temperatures over the ﬂapping length can be calculated as follows:
Aff ¼ 2 A1 þ A2ð Þ ð24Þ
A1 ¼ Tnf  rx1 ð25Þ
260 E. Rackauskaite et al. / Structures 3 (2015) 250–260A2 ¼
Zr2
rx2
T max rð Þdr
¼
Zr2
rx2
T∞ þ 5:38 Q
•=rÞ2=3
H
 !
dr ¼ T∞ r2−rx2ð Þ þ 16:14Q
•2=3
H
r21=3−rx21=3
  ð26Þrx1 ¼ max 0; r0−L f =2
  ð27Þ
rx2 ¼ max L f =2; r0
  ð28Þ
whereA1 is the sum of temperatures, when those in the far-ﬁeld calculated using Alpert's equation [28] are above the near-ﬁeld temperature and the
length over which this occurs is deﬁned by rx1. A2 is the sum of temperatures, when those in the far-ﬁeld calculated using Alpert's equation [28] are
below the near-ﬁeld temperature. This is done by integrating over the limits of ﬂapping length edge r2 and rx2. rx2 deﬁnes the lower limit based on
where the crossing point r0 is located (see Fig. B.2). Therefore, combining the Eqs. (21)–(26) the reduced near-ﬁeld temperature due to ﬂapping can
be calculated as in Eq. (29).
T f ¼ T∞ þ
Tnf 2rx1 þ L f
 
−2T∞  rx2
f
þ 32:28Q
•2=3
H  f r2
1=3−rx21=3
 
ð29ÞAppendix C. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.istruc.2015.06.001.
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